The synthesis of crystalline microporous materials containing large pores is in high demand by industry, especially for the use of these materials as catalysts in chemical processes involving bulky molecules. An extra-large-pore silicoaluminophosphate with 16-ring openings, ITQ-51, has been synthesized by the use of bulky aromatic proton sponges as organic structure-directing agents. Proton sponges show exceptional properties for directing extra-large zeolites because of their unusually high basicity combined with their large size and rigidity. This extra-large-pore material is stable after calcination, being one of the very few examples of hydrothermally stable molecular sieves containing extra-large pores. The structure of ITQ-51 was solved from submicrometer-sized crystals using the rotation electron diffraction method. Finally, several hypothetical zeolites related to ITQ-51 have been proposed.
aluminophosphate | extra-large microporous materials | zeolite synthesis T here is great interest in metal-substituted zeotypes, not only because of the exceptional catalytic properties isolated metals can provide to microporous materials but also because the introduction of metals in framework positions may offer unique structural inorganic directing effects during nucleation-crystallization processes (1, 2) . Indeed, the incorporation of heteroatoms, such as Be, Zn, and Ge, has allowed the synthesis of new molecular sieve structures with extra-large pores (corresponding to openings larger than 12-ring pores), containing small threeand four-ring units (3) (4) (5) (6) . These metals in tetrahedral coordination present the required angle and chemical bond flexibilities to stabilize those small building units and, consequently, the overall zeolitic framework (1, 2) .
In the 1980s, researchers from Union Carbide reported the synthesis of aluminophosphates (AlPOs) (7) . These zeotype materials are formed by tetrahedral Al and P atoms in strict alternation, connected by O atoms. Since this early achievement, many new AlPO-related materials with diverse architectures have been described (8) (9) (10) (11) . The discovery of the extra-large VPI-5 AlPO molecular sieve containing 18-ring channels was a remarkable breakthrough, being the first extra-large-pore crystalline material ever synthesized (12) . Following VPI-5, other phosphaterelated extra-large-pore molecular sieves have been described (13) (14) (15) (16) (17) . Unfortunately, most of them lack stability because of features such as mixed-metal coordination (tetrahedral-octahedral), terminal OH groups, and the presence of nontetrahedral species (e.g., OH, H 2 O, or F) (18) .
Particularly intriguing is the small number of extra-large-pore microporous materials containing 16-ring channels. Although Curtis and Deem (19) predicted that these zeolitic structures are thermodynamically feasible, only three microporous materials with 16-rings have been reported. Of these three materials, two are oxyfluorinated gallium phosphates, ULM-5 (20) and , with gallium in diverse atomic coordination (tetrahedral and octahedral); the other is the germanium-rich ITQ-40 containing 16 × 16 × 15-rings and structural defects (22) . More specifically, in the AlPO family, it is possible to find structures with 12-, 14-, and 18-rings, but AlPO structures with 16-rings have not been reported up to now, as far as we know.
Davis and colleagues (23) (24) (25) have used large and rigid organic structure-directing agents (OSDAs) to synthesize diverse extralarge-pore zeolites containing 14-ring channels. However, the design and preparation of new large and rigid OSDAs capable of directing extra-large-pore zeolites are not always easy; moreover, if the bulky OSDA is highly hydrophobic (very large size and high C/N ratio), organic-inorganic interactions in the nucleationcrystallization processes and solubility may not be adequate, resulting in amorphous materials during the synthesis (26) .
Proton sponges-for example, commercially available 1,8-bis (dimethylamino)naphthalene (DMAN; Fig. 1 )-are bulky aromatic diamines with amine groups in close proximity (27) . These molecules present a highly unusual basicity because of the repulsion of the close electronic lone pairs (pK a ≈12.1) (28). They are used extensively in organic synthesis as very selective nonnucleophilic bases with very interesting catalytic properties when used in the homogeneous phase (29) or when prepared in the form of structured hybrid solid catalytic materials (30, 31) . Taking into account their basic properties, the C/N ratio, and molecular structures, we thought proton sponges might be suitable OSDAs for the synthesis of extra-large microporous molecular sieves. Indeed, the high basicity showed by proton sponges allows their protonation, even at high pHs in the zeolitic synthesis media, favoring organic-inorganic interactions during zeolite nucleation and crystallization processes (32) . Moreover, their large size and rigidity might be adequate for templating extra-large pores.
Most zeolites are synthesized as micro-or nano-sized crystals, which are too small or too complex to be studied by single-crystal diffraction or powder X-ray diffraction (PXRD). Electron crystallography is an important technique for studying such crystals (33) (34) (35) . Crystals considered as powder by X-ray diffraction behave as single crystals by electron diffraction. Recently, we developed a method known as rotation electron diffraction (RED) for collecting 3D electron diffraction data by combining electron beam tilt and goniometer tilt on a transmission electron microscope (TEM) (36) . This method is promising for both phase identification and structure determination of unknown micro-and nano-sized crystals.
Herein, we present the use of the bulky aromatic proton sponge DMAN as an OSDA to synthesize previously undescribed extralarge-pore silicoaluminophosphate (SAPO) with 16-ring openings, named ITQ-51. This zeolitic material shows extra-large pores with 16-ring openings and excellent hydrothermal stability. The structure of ITQ-51 has been elucidated by using the RED method.
Results and Discussion
Different molar gel compositions and temperatures have been studied using DMAN as an OSDA in the synthesis of AlPO and SAPO materials. As seen in Fig. 2 , pure ITQ-51 material is achieved under specific synthesis conditions [Si/(Al + P) = 0.1,
At the two synthesis temperatures studied here, an unstable lamellar material is the preferred phase when lowering the water content [H 2 O/(Al + P) = 5] and increasing the DMAN concentration [DMAN/(Al + P) = 0.5]. On the other hand, tridymite dense phase appears as an impurity when silicon is removed from the synthesis gel at the specific synthesis conditions of ITQ-51.
The PXRD patterns of the as-prepared ITQ-51 sample and the ITQ-51 sample air-calcined at 550°C were collected (SI Appendix, Fig. S1 ). The high thermal stability of this unique material was confirmed further by PXRD at different temperatures under inert conditions from 100°C to 700°C (SI Appendix, Fig. S2 ). Scanning electron microscopy (SEM) images show plate-like aggregates with sizes ranging between 0.5 and 2 μm (SI Appendix, Fig. S3 ).
Elemental analyses were performed on the as-prepared ITQ-51, achieving a C/N molar ratio value of 6.8 [16.359% (wt/wt) C, 2.818% (wt/wt) N, 2.456% (wt/wt) H]. This value is very close to the expected C/N molar ratio for the DMAN molecule (C/N = 7), confirming that almost all template molecules remain intact within ITQ-51 crystals. In addition, solid-state 13 C magic-angle spinning (MAS) NMR of the as-prepared ITQ-51 also confirms that DMAN molecules are undamaged in the final solid (Fig. 3) .
To study the textural properties of ITQ-51, N 2 and Ar adsorption measurements were performed on the calcined material. The t-plot method applied to the N 2 adsorption at 77 K reveals a micropore volume of 0. Fig. S4 ). Interestingly, Ar adsorption at 87 K exhibits an experimental pore distribution calculated by applying the Horvath-Kawazoe formalism, centered at 7.4 Å (SI Appendix, Fig. S5 ). The adsorption data observed, both from Ar and N 2 adsorption measurements, would indicate that the framework structure of ITQ-51 may contain 1D extra-large (14-or 16-ring) pores. 27 Al, 29 Si, and 31 P MAS NMR spectra of the calcined ITQ-51 material were recorded to obtain information on the local atomic environments, which also may be very useful for structure elucidation. The 31 P MAS NMR spectrum shows at least four welldefined, distinct crystallographic positions for P atoms (SI Appendix, Fig. S6 ). The 27 Al MAS NMR spectrum shows a broad band between 20 and 45 ppm (SI Appendix, Fig. S7 ), clearly indicating that all aluminum species in the ITQ-51 molecular sieve are in tetrahedral coordination (no signal is observed close to 0 ppm, characteristic of Al in octahedral coordination). Additionally, the study of AlPOs by 27 Al multiple-quantum (MQ) MAS NMR allows truly high resolution of the distinct Al crystallographic sites present in the material (37) . The 2D 27 Al MQ MAS spectra of ITQ-51 clearly show at least three different well-resolved Al sites (SI Appendix, Fig. S8 ). Finally, the 29 Si MAS NMR spectrum illustrates a single peak at −110 ppm, assigned to the presence of silicon atoms forming silicon-rich domains (SI Appendix, Fig. S9 ) (38) .
The structure elucidation of ITQ-51 was carried out by the RED method (39) . The 3D RED data were collected from several crystals with different orientations of both as-synthesized and calcined ITQ-51 samples using the RED data collection software (40) . Two datasets from the as-synthesized ITQ-51, with >130°a ngle range and >1,300 electron diffraction (ED) frames each, cover different parts of the reciprocal lattice and thus are combined. Each dataset was processed using the RED data processing software (40) , and the 3D reciprocal lattice of ITQ-51 was reconstructed from the RED data (SI Appendix, Fig. S10 ). The unit cell parameters of ITQ-51 could be determined from each of the datasets (SI Appendix, Table S1 ) and refined further by PXRD of the calcined ITQ-51 [a = 23.345(2) Å, b = 16.513(2) Å, c = 4.9814(5) Å, α = 90°, β = 90.620(5)°, γ = 90°]. The space group could be deduced from the systematic absences to be P2 1 /n, as indicated from the 2D slices cut from the 3D RED data (SI Appendix, Fig. S11 ), which also was confirmed by PXRD data. The structure could be solved by direct methods from each of the two datasets (SI Appendix, Table S2 ). All eight symmetryindependent framework T atoms (Al, Si, or P) and 16 O atoms could be located. The framework structure could be refined against the 3D RED data, with R 1 = 0.37 for 2,310 independent reflections (81.8% completeness up to 0.90 Å) from the merged Fig. 1 . Proton sponge DMAN. Fig. 2 . Experimental conditions studied and phases achieved. RED dataset. It was possible to assign Al and P positions based on the differences in T-O distances. The underlying topology of the ITQ-51 framework is a unique four-connected zeolitic net with the highest topologic symmetry of Pmnn. The monoclinic framework of ITQ-51 was a result of the ordering of Al and P. The structure model was refined further by Rietveld refinement against the PXRD data of the calcined ITQ-51 sample. To get more stable refinement, the background from air scattering was fitted by a function (Background = I/θ) and then removed. Soft geometric restraints were applied on all T-O distances. The final refinement converged with the structure factor (R F ), weighted profile (R wp ), and statistically expected R-values of 1.2%, 8.2%, and 1.9%, respectively (SI Appendix, Table S2 and Fig. 4) . After the Rietveld refinement, the T and O atoms were shifted on average by 0.11 Å and 0.13 Å, with a maximum shift of 0.16 Å and 0.23 Å, respectively, from the positions obtained from the RED data. This means that RED can give an excellent starting model, and the high R 1 -value was mainly a result of the distortions of the intensities by multiple scattering.
ITQ-51 has a unique zeolite framework with 1D 16-ring channels along the c-axis with free diameters of 9.9 × 7.7 Å (Fig. 5) . The framework is built from two different chains that share common TO 4 tetrahedra; the lau chain often found in zeolites (SI Appendix, Fig. S12A ) and a unique helical four-ring chain (SI Appendix, Fig.  S12B ). The structure contains 4 symmetry-independent Al atoms, 4 symmetry-independent P atoms, and 16 symmetry-independent O atoms. Tetrahedral AlO 4 and PO 4 alternate in the structure and are connected by corner sharing. Some Al and P positions are partially occupied by silicon. However, it was not possible to locate the Si positions and refine the occupancies because of the low Si content (on average, 8% (at/at) Si at each T-site from chemical analysis) and similar atomic scattering factors for Al, Si, and P. The framework density of ITQ-51 is 16.7 T atoms per 1,000 Å 3 . ITQ-51 is previously undescribed aluminophosphate zeotype containing 16-ring channels. In fact, zeolites with 16-ring pores are very rare; the only example is the germanosilicate ITQ-40 (22) . ITQ-51 is one of the very few extra-large-pore zeolites with ≥16-ring channels that are stable in air after calcination. As far as we know, the other two zeolites are the galloaluminosilicate ECR-34 (ETR) (41) and the AlPO VPI-5 (VFI) (12) , both with 18-ring channels. The pore size in ITQ-51 thus is very attractive for shape-selective applications.
The framework topology of ITQ-51 was predicted by Deem and coworkers (42) as a silica analog and may be found in the DEEM SLC GOOD database (43) . A few other hypothetical zeolite frameworks containing 16-rings also are predicted in databases (42) (43) (44) . The known zeolite in the database (45) that is mostly related to ITQ-51 is SAPO-31 (46) , which contains 1D 12-ring channels and has a c-parameter (c = 5.003 Å) similar to that of ITQ-51 (Fig. 6A) . If four of the six 4-rings forming the 12-ring channel in SAPO-31 are substituted with four helical 4-ring chains, the structure of ITQ-51 with oval 16-ring channels can be achieved easily (Fig. 6B) . The lau composite building unit [ 4 2 6 4 ] may be found in both structures. Similarly, if all six of the 4-rings forming the 12-ring channel in AlPO-31 are substituted by six helical 4-ring chains, a hypothetical 18-ring zeolite (denoted as T18MR) is formed (Fig. 6C) . The pore openings of AlPO-31, ITQ-51, and T18MR are 6.5 × 4.0 Å, 9.9 × 7.7 Å, and 11.2 × 10.5 Å, respectively. The hexagonal lattice remains in T18MR because of the substitution of all six 4-ring chains, the lattice of ITQ-51 becomes orthorhombic because only four of the 4-ring chains are substituted (SI Appendix, Table S3 ).
A similar approach may be used to predict new zeolite frameworks related to other zeolites. Davis et al. (12) illustrated that the topologies of the 12-ring AlPO-5 and 18-ring VPI-5 are highly related. The 1D 18-ring channel in VPI-5 is formed by six double narsarsukite chains (SI Appendix, Fig. S12D ) that are connected, as shown in Fig. 6F . If each of the double narsarsukite chains in VPI-5 is replaced by a double crankshaft chain (SI Appendix, Fig.  S12C ), a hypothetical zeolite with 1D 12-ring channels is obtained (Fig. 6D, denoted as T12MR) . The topology of T12MR previously was predicted as the umk net (47) . Furthermore, similar to ITQ-51, if four of the six double narsarsukite chains forming the 18-ring channel in VPI-5 are replaced by double crankshaft chains, a hypothetical 1D 16-ring zeolite is obtained (Fig. 6E, denoted as  T16MR) . The pore openings of T12MR, T16MR, and VPI-5 are 7.5 × 7.5 Å, 11.8 × 11.8 Å, and 12.7 × 12.7 Å, respectively. The coordination sequences and vertex symbols for ITQ-51 and the three hypothetical zeolites are given in SI Appendix, Table S4 .
The ITQ-51 zeotype not only shows an extra-large pore structure, it also fills the pore size gap of reported zeolitic materials (SI Appendix, Table S5), being described as an all tetrahedrally connected and hydrothermally stable molecular sieve with 16-ring pores. This combination opens an opportunity for synthesizing different metal-containing ITQ-51 zeotypes with well-defined acid and redox isolated sites, as described for other Me-AlPOs (11).
In conclusion, we have shown the use of proton sponges as potential OSDAs for the synthesis of zeolites. More specifically, they may be of interest for the synthesis of extra-large-pore molecular sieves. These possibilities are demonstrated clearly by the successful synthesis of the hydrothermally stable ITQ-51 containing 1D 16-ring pores. The ability to design proton sponges with different sizes, geometries, hydrophobicity, or basicity (27, 28) may open opportunities for the synthesis of new zeolitic materials. Moreover, we have demonstrated a complete ab initio 3D structure solution of unknown zeolites from a single submicrometersized crystal using the RED method. The RED method is much more feasible than other TEM techniques, such as high-resolution TEM (HRTEM), and generally may be applied to any unknown nano-sized crystals, including beam-sensitive materials, because of the much lower electron dose required for electron diffraction compared with doses for HRTEM. Structure solution by the RED method is much faster and more feasible than that by PXRD because there is less ambiguity in determining unit cell and space group, and it is applicable to samples containing impurities. It even is comparable to that of single-crystal X-ray diffraction, but from crystals millions of times smaller. Textural properties were determined by Ar and N 2 adsorption-desorption isotherms measured at 87 K and 77 K, respectively, on a Micromeritics ASAP 2020.
Materials and Methods
The morphology of the samples was studied by SEM using a JEOL JSM-6300 microscope.
The solid-state NMR spectra were recorded at room temperature on a Bruker AV-400 spectrometer MAS. The 29 Si MAS NMR spectrum was performed with a spinning rate of 5 kHz at 79.459 MHz with a π/3 pulse length of 3.5 μs and repetition time of 180 s. The 27 Al MAS NMR spectrum was measured at 104.2 MHz with a spinning rate of 10 kHz and a π/12 pulse length of 0.5 μs with a 1-s repetition time. The solid-state 31 P MAS NMR spectrum was recorded at 161.9 MHz with a spinning rate of 10 kHz and a π/2 pulse of 5 μs with 20-s repetition time. The 13 C MAS NMR cross-polarization spectrum was achieved with a spinning rate of 5 kHz. 29 Si, 27 Al, 31 P, and 13 NMR experiment was performed using z-filter pulse sequence.
Structure Elucidation. The calcined ITQ-51 sample was dispersed in absolute ethanol and treated by ultrasonification for 2 min. A droplet of the suspension was transferred onto a copper grid. The TEM sample was observed. RED (39) was carried out on a JEOL JEM-2100 microscope operated at 200 kV using a single-tilt tomography sample holder. The 3D RED data collection was controlled by the RED data collection software package automatically (39) . The selected-area electron diffraction (SAED) pattern was collected at each tilt angle from a submicrometer-sized crystal of ITQ-51. A typical tilt range was −60°to −70°, and the tilt step was 0.1°(SI Appendix, Table S1 ). The exposure time was 1 s per SAED pattern, and >1,300 SAED patterns could be collected in <2 h. The data processing of the >1,300 SAED patterns was performed using the RED data processing software package (39), which includes peak search, unit cell determination, indexation of reflections, and intensity extraction. The structure of ITQ-51 was solved by direct methods using the program SHELX based on the RED intensities. A complete structure determination of ITQ-51 from the RED data including data collection and processing, unit cell and space group determination, and structure solution and refinement could be done within 1 d, which is comparable to the time needed for structure determination by single-crystal X-ray diffraction. All framework atoms could be located and refined against the RED data.
The final structure model obtained from the RED data was refined by Rietveld refinement using TOPAS (48) 
